This study examines the random walk hypothesis for the crude oil markets, using daily data over the period 1982-2008. The weak-form efficient market hypothesis for two oil crude markets (UK Brent and US West Texas Intermediate)
Introduction
Since the end of the 1990s oil prices have been steadily increasing, reflecting rising demand for crude oil, particularly from developing nations. Indeed, in the last decade the oil prices increased more than 700% (in average) and more than 80% (in average) between mid 2007 to mid 2008 due to rising demand, low spare capacity, weak dollar and geopolitical concerns (especially, tensions in Turkey, Nigeria and Iran). Oil prices have been very volatile, changing their trajectories and behavior with respect to the economic situation. Oil prices exhibit large upward or downward swings primarily caused by fluctuations in demand, extraction costs, and reserves (Pindyck, 1999) .
Supply and demand remain the main factors determining oil prices. More precisely, oil demands depend on oil consumption by developed and developing countries, and oil supplies depend on geopolitical events, such as troubles between Venezuela and the US or Turkey and Kurdish Iraq or Iran and Israel, among others, as well as oil tank levels and the Organization of the Petroleum Exporting Countries (OPEC) decisions on adjusting production levels. However, oil investor behavior can be also a factor in the recent price behavior, especially increasingly speculative behavior of a more diverse set of investors, including hedge funds, pension funds, and investment banks. All these factors question on the issue of whether or not the crude oil markets are predictable and therefore efficient.
In this paper we analyze the efficiency of the crude oil markets. The literature on market efficiency and stock market predictability is vast, as researchers have been discussing this theme in depth for the past decades (see Fama, 1970; 1991; Fama and French, 1988; Lo and MacKinlay, 1988 ; among others). A capital market is considered as efficient if stock prices at any time fully reflect all available and relevant information. Therefore, given only past price and return data, the current price is the best predictor of the future price, and the price change or return is expected to be zero. Stock prices exhibit no serial dependencies, meaning that there are no patterns to asset prices. This implies that future price movements are determined entirely by information not contained in the price series. This is the essence of the weakform efficient market hypothesis [EMH], which implies a random walk. It is this random-walk implication of the weak-form EMH which is most commonly tested in the empirical literature 1 and Smyth (2009) investigated the efficiency of crude oil markets from timevarying long-range dependence, Hurst exponent dynamics (from detrended fluctuation analysis) and unit root tests, respectively. They found that these markets are weakform efficient. In this paper, we extend the examination of the weak-form of the EMH in the crude oil markets in two ways. First, this study is based on a more extensive sample. We study daily data for two crude oil markets, namely, the US West Texas Intermediate and the UK Brent, over the period June 1982 -July 2008.
We also investigate the EMH over two sub-periods in order to analyze the effects of the important structural change due to policy changes that attempted to increase the efficiency of the North American energy industry in 1993 2 . Second, the weak form of the EMH is evaluated from an alternative method relative to the previous studies, namely the variance-ratio [VR] tests which are widely used in financial empirical studies (e.g., Lagoarde-Segot and Lucey, 2007; Kim and Shamsuddin, 2008) 3 . More precisely, we adopt individual non-parametric VR tests suggested by Wright (2000) as well as its multiple version proposed by Belaire-Franch and Contreras (2004).
These VR tests are robust to heteroscedasticity and non-normality which are features displayed by the oil crude prices (Pindyck, 2004 2007) . We also apply the wild bootstrap VR tests suggested by Kim (2006) which are robust to heteroscedasticity and do not rely on asymptotic approximations. The rest of this paper is organized as follows. Section 2 discusses the variance ratio tests. Section 3 summarizes the characteristics of the data on the Brent and WTI crude oil markets. Section 4 reports the empirical results. Section 5 concludes.
Variance ratio tests
Since the seminal work of MacKinlay (1988, 1989) widely used for testing market efficiency 4 .
The VR methodology consists of testing the random walk hypothesis [RWH] against stationary alternatives, by exploiting the fact that the variance of random walk increments is linear in all sampling intervals, i.e., the sample variance of k-period return (or k-period differences), y t − y t−k , of the time series y t , is k times the sample variance of one-period return (or the first difference), y t − y t−1 . The VR at lag k is then defined as the ratio between (1/k)th of the k-period return (or the kth difference) to the variance of the one-period return (or the first difference). Hence, for a random walk process, the variance computed at each individual lag interval k (k = 2, 3, . . . ) should be equal to unity.
In testing the null hypothesis of random walk, the VR test evaluates the hypothesis that a given time series or its first difference (or return), x t = y t − y t−1 , is a collection of independent and identically distributed observations (i.i.d.) or that it follows a martingale difference sequence. Following Wright (2000) , the VR statistic be written
If the stock return follows a random walk, the expected value of V R(x; k) should be equal to unity for all horizons k. If this ratio is less than one at long horizons, then we have indications of negative serial correlation (mean-reversion) and ratios greater than one at long horizons implies positive serial correlation (meanaversion). Lo and MacKinlay (1988) proposed the asymptotic distribution of V R(x; k) by assuming that k is fixed when T → ∞. They show that under the assumption of conditional heteroscedasticity, then under the null hypothesis that V (k) = 1, the test statistic M(x; k) is given by 5
follows the standard normal distribution asymptotically, where Given T observations of first differences of a variable, {x 1 , . . . , x T }, and let r(x) be the rank of x t among (x 1 , . . . , x T ). Under the null hypothesis that x t is generated from an i.i.d. sequence, r(x) is a random permutation of the numbers of 1, . . . , T with equal probability. Wright (2000) suggested the R 1 and R 2 statistics, defined as
where the standardized ranks r 1,t and r 2,t are given by 
where M(x; k i ) is defined in (2) . Recently, Belaire-Franch and Contreras (2004) proposed a multiple rank VR tests by substituting Wright's rank-based tests in the definition of the Chow-Denning (1993) multiple test procedure 7 .
The statistics are defined as
The rank-based procedures are exact under the i.i.d. assumption. Kim (2006) uses the wild bootstrap which is a resampling method that approximates the sampling distribution of the VR test statistic, and is applicable to data with unknown forms of conditional and unconditional heteroscedasticity (Mammen, 1993; Davidson and Flachaire, 2001; MacKinnon, 2002) .
Kim (2006) test
The wild bootstrap is applied to Chow-Denning, MV (x; k i ), VR test. The wild bootstrap test based on MV (x; k i ) can be conducted in three stages as below 7 Belaire-Franch and Contreras (2004) also suggested multiple sign-based VR tests based on Wright's sign-based tests but they showed that the rank-based tests are more powerful than the sign-based tests.
(i) Form a bootstrap sample of T observations x * t = η t x t (t = 1, . . . , T ) where η t is a random sequence with E(η) = 0 and E(η 2 ) = 1.
(ii) Calculate MV * = MV (x * ; k i ), the MV (x * ; k i ) statistic obtained from the bootstrap sample generated in stage (i). {M(x * ; k j ; j)} m j=1 in stage (iii). Conditionally on X t , X * t is a serially uncorrelated sequence with zero mean and variance X 2 t . As such, M * and MV * have the same asymptotic distributions as M 2 (k) and MV 2 (k i ), respectively. Since X * t is a serially uncorrelated sequence, wild bootstrapping approximates the sampling distributions under the null hypothesis, which is a desirable property for a bootstrap test.
To implement the wild bootstrap test, a specific form of η t should be chosen. Kim (2006) recommends using the standard normal distribution for η t since he reports that other choices provided qualitatively similar small sample results 8 .
Data and summary statistics
The data of the study consists of the daily closing spot prices for two oil crude markets: the US West Texas Intermediate (WTI) and the UK Brent. The data comes from Brent crude oils are light crude oils, with WTI lighter than Brent (the API 9 gravity is around 39.6 degrees for WTI against around 38.3) and sweet crude oils, with Brent slightly less sweet than WTI (Brent contains 0.37% of sulfur against 0.24% for WTI).
Due to its very high quality, WTI crude oil is excellent for refining a larger portion of gasoline whereas Brent is ideal for making gasoline and middle distillates. The Brent crude oil is actually a combination of crude oil from 15 different oil fields in the Brent and Ninian systems located in the North Sea. Most WTI crude oil gets refined in the Midwest region of the US, more precisely at Cushing (Oklahoma), with some more refined within the Gulf Coast region. Brent crude oil is typically refined in Northwest Europe. 
Testing the efficient market hypothesis
We investigate the weak-form efficient market hypothesis by testing the random-walk hypothesis from VR tests. Table 2 reports the individual and multiple non-parametric VR test results. The test statistics are displayed for the Wright (R 1 and R 2 ) and Belaire-Contreras (CD(R 1 ) and CD(R 2 )) tests while the p-values are reported for the Kim (M * and MV * ) tests. The holding periods (k i 's) considered are (2, 5, 10, 30) . As advocated by Deo and Richardson (2003) , we use relatively short holding periods when testing for the mean reversion using VR tests. 9 The American Petroleum Institute (API) gravity is a measure of how heavy or light a petroleum liquid is compared to water. If its API gravity is greater than 10, it is lighter and floats on water; if less than 10, it is heavier and sinks. API gravity is used to compare the relative densities of petroleum liquids. Generally, the results are consistent with the RWH in the two crude oil prices, and therefore with weak-form efficiency of the two crude oil markets since the test statistics are not significant at the 5% level. Nevertheless, the multiple VR tests reject the RWH on the WTI market at the 10% level for the Belaire-Contreras tests and at the 5% level for the Chen-Deo test, implying some cautions on the EMH for this market. Therefore, we investigate whether the crude oil market has become more efficient since the early 1990s, namely the deregulated period, relative to the 1980s, namely the regulated period, by re-running the VR tests for the WTI and Brent crude oil prices for the following subperiods: 1 June, 1982 to 31 December, 1993, and 1 January, 1994 to 4 July, 2008. On the whole, all the statistics increase over the two sub-periods, especially for the excess kurtosis and the conditional heteroscedasticity, suggesting an impact of the deregulation on the crude oil prices. Furthermore, the skewness is negative and high, implying an increase in the extreme losses for the investors. The kurtosis is very high for the second sub-period, implying that the variance of the crude oil prices is principally due to infrequent but extreme deviations. what was expected. Furthermore, the Brent crude oil market seems to be more weakform efficiency than the WTI crude oil market since the process of deregulation. This 10 We also studied the effect of the Gulf War of 1990 on the VR tests. The outcomes are similar to those on the 1982-1993 period.
result can be explained by the fact that the WTI price can be affected by its storage tank capacity and its infrastructure logistics (Horsnell and Mabro, 1993) . For example, high levels of stocks at Cushing (e.g., due to unsatisfactory supply-demand conditions) tend to depress the WTI price relative to the Brent price because the WTI crude oil market suffers from pipeline logistic, more precisely infrastructure bottlenecks. These results are in contradiction with those of Tabak and Cajueiro (2007) , finding that the WTI crude oil prices seems to be more weak-form efficient than Brent prices.
Conclusion
This The results suggest that the Brent crude oil prices is weak-form efficiency while the WTI crude oil market seems to be inefficiency on the 1994-2008 sub-period, suggesting that the deregulation has not improved the efficiency on the WTI crude oil market in the sense of making returns less predictable. The storage tank capacity and infrastructure logistics of the WTI crude oil market can explain the fact that the Brent crude oil market is more efficient than the WTI crude oil market. MV * 0.517 * and * * Significant at the 5% and 10% level, respectively. We report the VR statistic for each test. 
